Protocol development
Mouse hematopoietic stem cells (HSCs) develop from the major vasculature, some of which is located deep within the trunk region of the midgestation mouse embryo 1, 2 . HSCs emerge through the formation of clusters of hematopoietic cells from endothelial cells, which occurs via an endothelial-to-hematopoietic cell transition. Vascular hematopoietic clusters have historically been visualized in thin sections of the midgestation mouse aorta, vitelline and umbilical arteries after immunostaining with antibodies specific for hematopoietic and vascular markers 3 . To image an object that is more than 50 µm in thickness or that is located more than 50 µm deep within the midgestation embryo (like the dorsal aorta), sequential sectioning and 2D imaging have been routinely used, and the thin slice images have been reconstructed with software to render a 3D image 4 . Although this method has been very useful for localizing rare HSCs in some embryonic tissues, it is labor intensive, and furthermore it does not allow for a complete or quantitative assessment of all the relevant cells in the embryo.
For whole-embryo imaging, improvements in the power of the laser light in confocal microscopy have increased the imaging depth of tissues to about 200 µm. However, laser penetration does not reach the depth needed for high-resolution imaging of hematopoietic clusters in the centrally located dorsal aorta, where some of the first HSCs are generated. Light is absorbed, scattered and reflected in the dense and opaque tissue of the midgestation mouse embryo, thus reducing the amount of gathered light and the image quality. To improve light penetration, various tissue transparency techniques were devised using organic solvents such as potassium hydroxide/glycerol, methyl salicylate, carbon disulfide, glycerol, xylene and benzyl alcohol/benzyl benzoate (BABB). BABB was first used to image amphibian eggs and embryos 5 . Solvents such as BABB clear the opaque tissues of the embryo by replacing water, rendering the refractive index of the embryo the same as the solution. This method was subsequently adapted for use with whole mouse embryos and was found to be compatible with vital dye staining (LysoTracker Red) procedures designed to examine programmed cell death and lysosomal activity 6 . We have developed a method by which the whole embryo is immunostained with antibodies specific for hematopoietic clusters and vasculature, and then rendered transparent with BABB, thereby enabling us to reliably image the vasculature and all hematopoietic clusters for quantitative and cartographic analysis ( Fig. 1) 7-9 .
Whole-mount three-dimensional imaging of internally localized immunostained cells within mouse embryos
We describe a three-dimensional (3D) confocal imaging technique to characterize and enumerate rare, newly emerging hematopoietic cells located within the vasculature of whole-mount preparations of mouse embryos. However, the methodology is broadly applicable for examining the development and 3D architecture of other tissues. previously, direct whole-mount imaging has been limited to external tissue layers owing to poor laser penetration of dense, opaque tissue. our whole-embryo imaging method enables detailed quantitative and qualitative analysis of cells within the dorsal aorta of embryonic day (e) 10.5-11.5 embryos after the removal of only the head and body walls. In this protocol we describe the whole-mount fixation and multimarker staining procedure, the tissue transparency treatment, microscopy and the analysis of resulting images. a typical two-color staining experiment can be performed and analyzed in ~6 d. 
Applications of the method
The method described here is applicable to imaging large areas of the embryo in order to locate rare cells of interest. It is especially useful for difficult-to-detect cells that are localized within the deepest, most centrally located tissues of the whole mouse embryo. In the example described here, we immunostained all vascular endothelial cells and hematopoietic clusters with a fluorescent antibody specific to CD31, and then combined this with an antibody specific to c-Kit to detect only the hematopoietic clusters. Individual cells in the clusters could be counted, with cluster size ranging from 1 to 100 cells 7 . Moreover, multicolor immunostaining for a variety of cell surface markers allowed us to describe the developmental heterogeneity of cells within the clusters. In this way, we have shown that aortic hematopoietic clusters contain HSCs, progenitors and mature cells of the hierarchy 7 . Here we describe how to optimize whole-mount immunostaining for various types of hematopoietic cells (both rare and abundant); primordial germ cells, another rare type of stem cell deep within the whole midgestation mouse embryo; and mitotic cells. We use this as an example for illustrative purposes; however, the method is broadly applicable. It relies, however, on the specificity of the antibodies and the ability of the immunostaining to withstand the BABB transparency treatment and produce sufficient signal intensity for confocal imaging (Fig. 2) .
Comparison with other methods
Serial sectioning of the trunk region of the chick and mouse embryo has resulted in temporal and spatial maps of hematopoietic clusters in the aorta, vitelline and umbilical arteries [10] [11] [12] [13] [14] , but important quantitative and qualitative information is at risk because of the dislodgement of the vascular adhering hematopoietic cells in the sectioning procedure or the loss of some of the serial sections. In addition, more than 200 sections of 10 µm thickness are required to cover the trunk region of a midgestation mouse embryo. The preparation and analysis of those sections is both labor intensive and relatively expensive, as each section must be incubated with antibody. In comparison, the whole-mount method maintains tissue integrity as well as structure and cell localization, and in our application, it allowed for rapid quantification of aortic clusters. Several embryos can be incubated in a vial with 0.5 ml of solution containing an antibody of interest, thereby saving on reagents. Another important consideration is that the 3D method allows for fine discrimination of cluster localization. Individual histological sections can give the impression that hematopoietic clusters are localized extravascularly. However, using antibodies to endothelial cells enables visualization of the entire embryonic vasculature in fine detail, and revealed that all clusters are on the lumenal side of the vasculature 9 . We note that a similar whole-mount immunostaining procedure has been used to image hematopoietic cells in the murine yolk sac 15 . In this procedure, mainly glycerol was used for clearing purposes, with BABB treatment briefly mentioned as an alternative. Although glycerol has an advantage in terms of holding the tissue in place because of its high viscosity, BABB can achieve superior transparency; the tissue-holding problem for BABB has been solved in our procedure by using agarose gel.
Limitations
Although BABB solution markedly enhances the penetration of laser into the embryonic tissue (Fig. 2) , there is also a depth limitation for antibody penetration. We have noticed that c-Kit + hematopoietic clusters within the dorsal aorta at E10.5 cannot be clearly stained without removing the lateral body wall (Fig. 3) . The distance from the embryo surface to the dorsal aorta is ~200 µm. After removing the lateral body wall, the distance is reduced to about 120 µm. Therefore, ~150 µm could be an upper limit for the sufficient penetration of antibodies. To analyze older embryos or thick organs, trim them to a thickness of ~300 µm before immunostaining.
Another limitation is that erythrocytes cannot be rendered completely transparent with BABB solution, as they contain a large amount of heme. Therefore, it is difficult to obtain a highresolution 3D picture from an erythrocyte-rich organ such as the liver.
Experimental design
Lineage-specific markers and fluorescent antibodies. Typically, we have used unlabeled primary antibodies together with species/ isotype-specific fluorescent secondary antibodies or biotinylated primary antibodies with labeled streptavidin. Directly labeled antibodies yielded weak signals. Titration of antibodies is performed to optimize signal-to-noise ratio. When secondary antibodies are used, a control sample with only the secondary antibody is included in the experiment. Multimarker analysis requires reoptimization of each of the several antibodies that are used in combination.
Our antibodies were chosen on the basis of our specific interests in HSCs, progenitors and endothelial cells ( Table 1) . To image the close interactions between hematopoietic clusters and the endothelium, we have routinely used anti-CD31 antibody to image the entire embryonic vasculature. CD31 expression marks all vascular endothelium and hematopoietic cluster cells. To distinctly image hematopoietic clusters, we used c-Kit expression, which marks all hematopoietic cluster cells but not endothelial cells 16, 17 . Other antibodies that we have used with success were specific for GFP, CD41, CD45, Flk1, vascular endothelial cadherin and SSEA-1 (refs. 7-9).
Autofluorescence from the embryo in the 488-nm channel must also be considered. When examining the subcellular distribution of proteins, or staining of specific cells in the clusters, it is better to use a fluorochrome in the far-red range. The 488-nm channel should be reserved for use with very good primary antibodies (such as CD31). For CD31-biotin, we used Alexa Fluor 488, 555 or Cy3. FITC and Alexa Fluor 647 do not work well with CD31-biotin, yielding grainy images in which the outlines of cells are difficult to discern.
Confocal microscopy. This protocol was designed for use with a single-photon microscope. Thus, it is not necessary to have a multiphoton microscope or special setup. We have used a Zeiss confocal microscope (LSM510 Meta) equipped with three lasers of 488-, 543-and 633-nm wavelengths for fluorochrome excitation and emission. It is also possible to use a Leica confocal microscope (lasers of 488-, 561-and 633-nm wavelengths).
Image analysis. We use Zeiss Image Browser (free software) for creating 3D reconstruction and movies. Other software (e.g., Zeiss
Zen, PerkinElmer Volocity, Bitplane Imaris) can also be used. We recommend maximum transparency mode for 3D reconstruction, as the distribution of c-Kit + hematopoietic clusters within the dorsal aorta can be seen through the half-transparent endothelial layer. REAGENT SETUP Mice and embryo generation Adult mice are used in timed matings for embryo generation. The day of plug discovery is considered to be day 0.
MaterIals

REAGENTS
Embryos at the desired day of gestation (E8-E14) are dissected from the uterus 18 . Embryos must be handled with great care so as not to compromise tissue integrity. ! cautIon Please note that all animals should be handled according to all relevant ethics regulations. Fixation solution Add 4 g of powdered PFA (4% (wt/vol), pH 7.4) in 100 ml of PBS and warm it in a microwave (stop before it starts boiling). Add 160 µl of 5 N NaOH solution to help the PFA dissolve. Adjust pH to 7.4 by adding HCl. Fixation solution can be aliquotted into 15-ml tubes (1-2 ml required
per embryo) and stored at − 20 °C (up to ~6 months), and then diluted 1:1 in PBS at the time of dissection. ! cautIon Wear gloves and a mask during preparation because PFA is toxic if swallowed, inhaled or absorbed through the skin. De/rehydration solutions Prepare 50% (vol/vol) methanol/PBS, 75% (vol/vol) methanol/PBS and 100% methanol. Prepare 40-50 ml per sample. Store the solutions at 4 °C until needed. BSA blocking solution Prepare a 10% (wt/vol) stock in PBS, aliquot it into 1.5-ml Eppendorf tubes (2 ml required per sample) and store it in the freezer ( −20 °C) for up to 2 years. Antibody preparation We have used unlabeled primary antibodies with species/isotype-specific fluorochrome-conjugated secondary antibodies. Crucial to the success of imaging (signal to background) is the titration of the antibody (primary and secondary). Prepare isotype controls for negative controls. PBS-MT solution Prepare PBS-MT solution using 1% (wt/vol) skim milk and 0.4% (vol/vol) Triton X-100. Dissolve 1 g of powdered skim milk and 0.4 ml of Triton X-100 in 100 ml of PBS. This solution can be stored at 4 °C for a few days. PBS-T solution Prepare PBS-T solution using 0.4% (vol/vol) Triton X-100. Dissolve 0.4 ml of Triton X-100 in 100 ml of PBS. This solution can be stored at 4 °C for a few days. BABB solution Mix one part benzyl alcohol with two parts benzyl benzoate. The solution should be freshly prepared for each use. Mix both in glass scintillation vials. For three samples, mix 1 ml of benzyl alcohol with 2 ml of benzylbenzoate. Use 1 ml of this solution to prepare the 1:1 BABB/methanol solution (50% BABB). ! cautIon Wear gloves during preparation because BABB is toxic if absorbed through the skin. EQUIPMENT SETUP Microscope We used a Zeiss confocal microscope (LSM510 Meta) equipped with three lasers of 488-, 543-and 633-nm wavelengths for fluorochrome excitation and emission. Other microscopes with similar equipment can be used. It is important to optimize the settings of the microscope before use. The preparations as dissected can be visualized with a ×20 objective (Plan-Neofluar ×20/NA 0.5). We also use a ×10 objective and ×40/×63 water-immersion objectives (EC Plan-Neofluar ×10/NA 0.3, HC PL APO CS ×10/NA 0.4, Achroplan ×40/NA 0.8 W, Achroplan ×63/NA 0.95 W). The ×40/×63 oil-immersion objectives cannot be used because their working distance is generally <0.5 mm and the samples are too thick. Table 3 provides a summary of the lasers and filters that we have found to be optimal for c-Kit/CD31/SSEA-1 three-color staining. The pinhole diameter was set at 1 Airy unit and steps were set at 1.9-2.3 µm per z-section for a ×20 objective. To minimize the overlap when detecting fluorescent signals, we used the multitrack sequential mode. To make 3D reconstructed images, we took serial longitudinal pictures of the dorsal aorta region. As the width of the dorsal aorta is about 200 µm at 35 somite pairs, 100 z-stacks are required for 3D reconstruction. It will take about 45 min with scan line average number 8 and scan speed 8.
To correct the refractive index mismatch between the immersion medium and the embedding medium, LSM510 software has a compensative function, 'Reff. Corr.'. The Reff. Corr. value for BABB is 1.559 (ref. 19) . To quantify hematopoietic clusters in the E10.5 whole dorsal aorta, six or seven separate regions need to be scanned with ×20 objectives, and this will take 6-7 h (scan speed 8). However, if the default Reff. Corr. value of 1 is used, scanning will be completed in ~4 h and bleaching of samples can be reduced, although the final 3D picture is a little compressed along the z axis. 2| Dissect embryos, removing the placenta. The yolk sac can be left in place or can be removed; however, if you choose to remove it, then ensure that the arteries (vitelline and umbilical) are left intact (see box 1 for preparation of younger mouse embryos and supplementary Video 1 for a representative image).
3|
Immediately place the embryos into PFA for fixation (2% (wt/vol) PFA in PBS, 20 min on ice).  crItIcal step A single embryo needs about 1-2 ml of PFA. Fixation time depends on antibodies used for subsequent immunostaining.  crItIcal step To precisely stage embryos, count the somites after fixation.
4|
Wash embryos with PBS (three washes, 10 min per rinse, on ice).
5|
Dehydrate embryos in 50% (vol/vol) methanol/PBS for 10 min, and then in 100% methanol, twice for 10 min, on ice.  pause poInt Embryos can be stored in 100% methanol at −20 °C for at least 6 months.
embryo trimming • tIMInG 15 min per embryo 6| For each embryo, cut off the head and leave the tail intact in order to help orient the sample later (Fig. 3) .
7|
Use insulin needles to make small cuts in the translucent area between the aorta and somites. Carefully push off the body wall (one side is enough). Leave the umbilical artery and fetal liver intact.
8|
Cut all the way around the base of the hind limb buds to separate them from the umbilical artery.
9|
Transfer embryos into scintillation vials containing 100% methanol. Use a nonsterile, 3-ml graduated plastic pipette to transfer embryos and to withdraw solutions during washes.  crItIcal step The ends of the pipettes can be easily trimmed with scissors to make them wider.  crItIcal step If the embryo sample gets stuck along the inside of the pipette, cut off the pipette tip at that point and ease it out with a pair of fine tweezers.
rehydration • tIMInG 30-40 min 10|
Rehydrate embryos on ice: 10 min in 75% (vol/vol) methanol/PBS (optional); 10 min in 50% (vol/vol) methanol/PBS; and twice for 10 min in PBS.  crItIcal step Throughout the procedure, we transfer all the used wash solutions into an extra scintillation vial before discarding them, just in case an embryo is inadvertently sucked up into the pipette. The fluid is not discarded until all samples are accounted for.  crItIcal step Serum-goat, donkey, rat or rabbit-should be the same as the host species of your secondary antibody (table 2) . Multiple sera can be used if you are using multiple antibodies. BSA can be used if you do not have appropriate serum. BSA is used at a final concentration of 0.2% (wt/vol) (40 µl of 10% (wt/vol) stock).  crItIcal step At some point, the samples will be distributed into different vials. Do not do this until they are in PBS-MT. If you try to do it while samples are still in PBS, the samples will be sticky, and you will find them all over the inside (and even the outside) of your plastic pipette.
primary antibody staining • tIMInG overnight 12| Add a single antibody or multiple antibodies diluted in PBS-MT to the samples (use separate vials if several combinations of antibody stainings are performed at the same time).  crItIcal step Be sure to include a negative control (isotype control or no primary antibody), especially when testing the specificity of a new antibody.  crItIcal step If background for your antibody is high, you can include BSA (2 mg ml − 1 ).
13|
Gently rock the samples in the cold room overnight. The rocker should be quite slow, taking about 15 s to rock back and forth once.  crItIcal step Wrap vials in aluminum foil to shield them from light, but more importantly at this stage, to prevent the vials from rolling. Samples tend to get stuck to the sides of rolling vials. 17| (Optional) If you are using multiple primary antibodies from the same species, repeat Steps 12 through 16, depending on the number of primary antibodies that you are using.  crItIcal step Each antibody will add 2 d to the procedure. Repeating is necessary only if you are using primary antibodies from the same species (Fig. 1) . If primary antibodies are from different species, you can incubate embryos with multiple antibodies at the same time.
18|
Rinse three times (20 min each) with PBS-T and rock samples in a cold room (4 °C).
clearing and mounting • tIMInG 2-3 h 19| Dehydrate embryos in methanol, rocking in a cold room (4 °C): 10 min in 50% (vol/vol) methanol/PBS and 10 min in 100% methanol.  pause poInt Samples can be stored in the refrigerator (4 °C) for a couple of days.
20| Prepare 50 ml of 1% (wt/vol) low-melt agarose (melt it when you start the methanol/PBS dehydration (Step 19)), and allow it to cool to ~50 °C while you continue the dehydration steps.  crItIcal step The agarose can be used for several experiments, but be aware that the agarose concentration may increase each time it is reheated.
21|
Peel plastic off the FastWell to expose the adhesive, and then stick a round coverslip (0.13-0.16 mm thickness) on the FastWell.  crItIcal step The FastWell thickness is 1 mm, and it will work well for embryos up to E11.5. Embryos that are late E11 or larger will require stacking two FastWells. Ensure that the coverslip is stuck down well; otherwise, the liquid will leak under the FastWell afterward. This is easiest to do (without breaking the coverslip) by placing the FastWell, coverslip up, on a flat surface and then pressing gently but firmly around the edges with your fingers.
22|
Place the FastWell with the coverslip side down on the histology slide (the slide is just being used as a platform to support the coverslip).
23|
Peel the plastic off the side of the FastWell facing you. Gently pick up the FastWell and look underneath to ensure that the coverslip is still firmly stuck to the FastWell. (Optional) You can put a small dot or circle on the spot where you plan to put the agarose. Make this mark on the side of the coverslip that is against the slide, so you can remove it later if it interferes with microscopy.
24|
Remove one sample at a time from its vial after the last 100% methanol rinse (Step 19) and place it in a small Petri dish in 100% methanol.
25| Draw 200 ml of 100% methanol into a P200 pipette; set the pipette down and have it ready to use.
26|
Place an embryo on the coverslip and immediately add one drop of methanol from the P200 pipette onto the embryo to prevent it from drying up.  crItIcal step Ensure that no dust is attached to the embryo before picking it up from the Petri dish.
27| Draw 10 µl of agarose into a P20 pipette, and then dot a small amount (perhaps 2.5-5 µl) onto the coverslip in a dry area close to the sample.
28| By using fine bent tweezers, quickly move the embryo to the agarose before it solidifies (and before the methanol evaporates-the embryo should not dry up). The embryo will be adjacent to the agarose, with one end touching it, in order to immobilize it on the slide.
29|
Immediately fill the well with 200 µl of 100% methanol.  crItIcal step Try not to get the top of the FastWell wet.
30|
Immediately after placing the embryo, remove the methanol and replace it with fresh 100% methanol. Do this several times, and let it sit for ~1 min in a covered slide box between rinses.  crItIcal step The goal is to remove the water from the agarose.  crItIcal step Do not remove all the methanol during these rinses, as this may cause an air bubble to appear in the embryo (e.g., within the dorsal aorta).
31|
Replace the methanol with 50% (vol/vol) BABB/ methanol; change two or three times, as described in
Step 30.
32|
Replace with 100% BABB two or three times until the sample is clear. You should just barely see an outline of the sample.
33|
Place a second coverslip on the FastWell with tweezers.  crItIcal step This is tricky-you need to remove enough BABB from the well so that when you place the coverslip the BABB does not overflow from the well and get between the coverslip and the FastWell. In contrast, too little BABB will result in a huge air bubble in the well. Some air is inevitable, but you need enough BABB in the well to cover the sample. This is the reason the sample is fastened down off-center, as the likelihood of having the BABB cover the sample is greater (you can tip the slide until it is covered).
34|
Add four small drops (at four 'corners', i.e., 12:00, 3:00, 6:00, 9:00) of clear nail polish on the coverslip and place a SuperFrost slide on top.
35| Let the nail polish dry (~5 min). Thereafter, very carefully flip the slide upside down, and remove the lower-quality slide (carefully sliding it off) that was originally at the bottom (see Fig. 4 for a diagram of the completed slide).  crItIcal step Sometimes, if the FastWell leaks, you can save the sample. Remove the FastWell from the coverslip to which the sample is attached. Clean carefully around the edges of the coverslip with a dry tissue (use 100% methanol to help remove the BABB). Once it is clean and dry, try mounting it again on a new FastWell. This is much easier to do when BABB is in the FastWell rather than methanol because BABB is slimy. We recommend remounting the sample beginning at the BABB step (Step 31). If the FastWell leaks at the methanol step (Steps 29-30), just go through to the 50% (vol/vol) BABB step, keeping in mind that the sample should not dry up. Replace 50% (vol/vol) BABB once or twice and then remount the sample to a new FastWell. In addition, if the embryo is not attached to the agarose while it is in methanol, you can remount it. However, if it is floating around in BABB, then leave it alone; it can still be used for imaging. Although we have not tried this, it might work to move a sample along with its attached agarose to a new FastWell/coverslip; continue with whatever step you are on, without trying to remount with agarose.  pause poInt Samples can be stored in the refrigerator (4 °C) for a couple of days.
confocal microscopy • tIMInG 30-60 min to set up the microscope and ~45 min to scan one z-stack 36| After allowing the mounted sample to return to room temperature (15-30 min), bring it to the confocal microscope.  crItIcal step Embryos are best imaged immediately but can wait a couple of days when stored in the refrigerator (4 °C).
37|
Look for the embryo with fluorescent light (e.g., FITC filter) through the eyepieces.
38| Look for dorsal aorta by using continuous xy scanning of the CD31 staining channel (e.g., Cy3 for the 543-nm channel).
39| Adjust the image intensity by changing the laser intensity, detector gain and other parameters.
40|
Place the center z plane at the middle of the dorsal aorta and set the top and bottom of the z axis to scan.
41|
Collect the z-stacks (Fig. 5a) .
? troublesHootInG (Fig. 6a-d) .  crItIcal step If many c-Kit + cells are observed in the reconstituted image, we advise that the z-stacks be separated into several parts in order to reduce the thickness of 3D images.
(ii) Count c-Kit + cells (Fig. 6c and e) . (iii) Count circulating c-Kit + cells (i.e., cells not attached to the wall of the dorsal aorta) by using the orthogonal view (Fig. 6f) . antIcIpateD results c-Kit/cD31 staining After 3D reconstruction, the distribution of c-Kit + cells within the dorsal aorta can be seen through the semitransparent CD31 + endothelial layer. Representative raw images (xy images) and 3D pictures taken with a ×20 objective are shown in Figure 5 . The brightness of raw images influences the final appearance of the 3D image. If the brightness of CD31 is too high, the CD31 + endothelial layer does not become semitransparent. This is not adjustable after collecting z-stacks. Therefore, before collecting z-stacks, adjust the intensity of CD31 by using the range indicator function (Zeiss Image Browser) to check the saturated pixels in the image. At E10.5, we detected 609 ± 84 c-Kit + cells in the dorsal aorta 7 . In addition to a ×20 objective, ×10 and ×63 objectives can be used for low-and high-magnification images (Fig. 7) .
Imaging nuclear proteins
In addition to imaging cells immunostained with antibodies detecting cell surface proteins, the whole-mount immunostaining BABB method can be used to image nuclear proteins. For example, mitotic cells can be easily visualized after immunostaining with an anti-phosphohistone H3 antibody (Fig. 8) . 
